ABSTRACT As a promising candidate non-orthogonal multiple access scheme for the fifth generation (5G) wireless communication system, pattern division multiple access (PDMA) has received considerable attention recently. Using pattern matrix (G [2, 3] PDMA , as an example, is used in this paper), PDMA directly maps the information bits of different users to radio resources, such as code, power, time and frequency, and space resource. PDMA can meet the requirements of massive connectivity and higher spectral efficiency for the 5G mobile network. In order to further improve transmission reliability and enhance the coverage, an uplink cooperative PDMA (Co-PDMA) scheme with half-duplex decode and forward relay is proposed. The analytical expressions of outage probability (OP) and sum data rate are derived to characterize the performance of the proposed scheme. The results show that the proposed Co-PDMA scheme achieves superior outage performance, with gains of 8 and 12 dB over the non-Co-PDMA and cooperative orthogonal multiple access (Co-OMA), respectively, @ OP = 0.1. Besides, the scheme is found to outperform two other schemes in terms of higher sum data rate and achieve an almost maximum 50% gain over Co-OMA when every user has the same target data rate.
I. INTRODUCTION
As a novel multiple access scheme, pattern division multiple access (PDMA) is considered as a promising candidate for for the fifth generation (5G) wireless communication system due to its superior spectral efficiency [1] . In [2] , basic conception, framework, key technologies, system design and performance evaluation were presented for PDMA. Advanced receivers and pattern design methods were studied for PDMA in [3] and [4] , respectively. In addition, some researchers conduct PDMA theoretical analysis and performance evaluation [5] , [6] and the simulation results show that PDMA can significantly improve spectral efficiency compared with orthogonal frequency division multiplexing access (OFDMA). At present, PDMA is being widely discussed at Release 14 of 5G new radio (NR) in 3rd Generation Partnership Projec (3GPP) [7] , [8] .
In 5G, close to 100% reliability is proposed. Time-varying and frequency-selective fading phenomena make reliable wireless transmission difficult, especially for the users at the edge of cell. Transmit diversity based on Multiple-Input Multiple-Output (MIMO) is an effective technique to combat the fading effect. Unfortunately, the use of multiple antennas in uplink communications is restricted due to the limitation of size and complexity of the mobile equipment. Relay-based cooperative communication can expand the cell coverage area and increase the network capacity without adding complexity of multiple antennas [9] , [10] . Wireless relaying techniques have been received a considerable attention for improving coverage and performance. There are mainly two different cooperative protocols: amplify and forward (AF) and decode and forward (DF). AF relay is easy to implement but cannot achieve high performance gain since it just amplifies the incoming signal and forwards it to the destination without decoding. Therefore, the fading and white noise in the channel are also amplified by AF relay. Compared with AF, DF decodes the incoming signal, re-encodes it, and then retransmits it to the destination, which can further improve outage performance and reliability [11] .
A. MOTIVATION AND CONTRIBUTIONS
The aforementioned literatures have made a lot of research works on PDMA, however, to the best of our knowledge, few contributions on cooperative PDMA are available yet. In this paper, we propose an uplink cooperative pattern division multiple access (Co-PDMA) scheme with halfduplex DF relay. The proposed cooperative diversity technique and the diversity gain for all transmit signals from the source using only one half-duplex relay. Data streams are transmitted simultaneously through both direct and relay channels. At the destination, a successive interference cancellation (SIC) algorithm without an ordering process is used. Simulation results show that the proposed Co-PDMA scheme can achieve superior outage performance compared with the non-cooperative PDMA and cooperative orthogonal multiple access (Co-OMA). The primary contributions of this paper are summarized as follows:
1) A Co-PDMA scheme model is proposed and the closed-form expressions of outage probability (OP) for the users in Co-PDMA are derived. In order to make comparison, the corresponding OP expressions for non-cooperative PDMA and Co-OMA are also given in this paper. From the analysis results, we can observe that the proposed Co-PDMA can obtain significant gain in terms of OP performance compared with the other two schemes.
2) Additionally, we analyze the sum data rates of the three schemes, i.e., Co-PDMA, non-cooperative PDMA and Co-OMA, analysis results indicate that the proposed Co-PDMA can achieve higher sum data rate than the other two schemes. The correctness of all the theoretic analysis is verified by Monte Carlo simulation.
B. ORGANIZATION
The rest of this paper is organized as follows. Section II describes the Co-PDMA system model with a half-duplex DF relay over Rayleigh fading channels. Section III derives the exact OP closed-form expressions for the users in the three schemes. Section IV provides the theoretical analysis and comparisons in terms of sum data rate for the three schemes. Numerical results are presented in Section V for verifying our analysis and followed by our conclusions in Section VI. Notation: Overall this paper, we use bold and capital symbols to denote the matrix and use bold and lowercase symbols to denote the vector; (•) H , (•) T and (•) −1 denote the conjugate transpose, transpose and inversion of a matrix, respectively; H is the channel matrix between transmitter and receiver. I N is an N × N identity matrix. α i , P, and P i = α i P are the power control factor, target arrived power and transmit power, respectively. γ = P/N 0 denotes the maximum transmit SNR for each user. In order to simplify the computing expressions, we do same variable substitution as follows:
II. SYSTEM MODEL
We consider a half-duplex dual-hop communication scenario for PDMA uplink network in a fading environment with multiple users, one base station (BS) and one DF relay, where the direct link is considered. As depicted in Fig. 1 For PDMA system, the received signal at the receiver from the transmitter can be expressed as
where
indicates PDMA equivalent channel response matrix from users to BS with dimension N × K ; y is an N × 1 received signal vector on the N resources;
T is a K × 1 modulation symbol vector transmitted by K users, and x k is modulation symbol of the k th user; n indicates the white noise and molded by n ∼ CN (0, N 0 I N ×N ); H CH = h 1 , h 2 , · · · , h K is the channel response matrix from users to BS; '' '' indicates element-wise dot product of two matrices. We assume that all the users are located in a homogeneous environment and the signal from each user to the BS experiences independent identically distributed (i.i.d) frequency non-selective Rayleigh fading and additive white Gaussian noise (AWGN). The N ×1 channel vector between the k th user and the n th RE at the BS is denoted by
denotes a PDMA pattern matrix with dimensions of N × K , and K /N is defined as system overload rate (SOR); g k is the PDMA pattern used by the k th user; The data of users will be mapped on the resources defined on power, time & frequency or spatial domain with PDMA pattern matrix; z k represents the noise plus interference faced by the k th user. The covariance of z k can be explicitly calculated by
where P i is the power associated with the i th user. According to [12, eqs. (8-67)], the corresponding signal-to-interference-plus-noise ratio (SINR) of the k th user is given by
In order to simplify the progress of analysis, we take a typical PDMA matrix,
as an example to derive the closed-form expression of SINR for each user. Fig. 2 shows the pattern matrix and corresponding resource mapping: the information of the three users is multiplexed on two REs, and the SOR is K /N = 3/2 = 150%. Data from user 1 are mapped onto two REs while data from user 2 and user 3 onto RE 2 and RE 3. The column weight of the three users is 2, 1 and 1, respectively. All users in a cell are divided into T groups and each group has 3 users. Each user picks one pattern from the matrix randomly. The user picking g 1 is named user 1 and detected firstly, the user picking g 2 is named user 2 and detected secondly and the user picking g 3 is named user 3 and detected lastly. PDMA equivalent channel response matrix from users to BS, from users to relay and from relay to BS are expressed as (12) respectively.
During the first time slot, the users transmit the signal with CP-inserted to both relay and BS. According to (4) , the received signals at the BS and relay are expressed as
and
During the second time slot, the relay re-modulates the recovered data, y ur , and transmits it to the BS after inserting CP. At the BS, the received signal from relay is given by
According to (7), we can firstly calculate the covariances of interferences (i.e., z ub k , and z rb k in (13) and (15), respectively), then, according to (8), we can obtain each user's SINRs experiencing different paths (e.g., from users to BS and from relay to BS):
The BS processes the received signals from the users in the first time slot and relay in the second time slot by using selection combining. Then an outage event occurs if neither the direct transmission nor the relaying transmission succeeds. Therefore, the outage probability of the i th user can be expressed as
is the target SINR of the i th user,r i is the target data rate (TDR). We define r i as the actual date rate of the i th user, correspondingly.
III. OUTAGE PROBABILITY A. OUTAGE BEHAVIOR FROM USERS TO BS
Define A k = {r k <r k } or A k = {SIN R k < φ k } as the event that the BS cannot detect the data of the k th user. Then the probability of the event that the k th user's data are successfully detected is expressed as
whereĀ k is the complementary set of A k and Pr(Ā k ) is the probability of the eventĀ k happens. Since the SIC receiver is used at the receiver end, for the k th user, the event that the BS can successfully detect the data of the k th user must be under the condition that all the front k − 1 users have been successfully detected, so the OP of the k th user can be denoted as:
Theorem 1: During the first time slot, the information from users are transmitted to relay and BS. The OPs of the three users in a pair group can be expressed as
Relevant variable symbols are defined in Section I and Section II.
Proof: At the BS, the user 1 is detected firstly. According to (16), we have 
According to (19), we have
The cumulative distribution function (CDF) of Z 1 is expressed as
Similarly, the CDF of Z 2 is expressed as
Then, we have
and J 2 in (28) can be further expressed as
where, ρ and β is defined in Section I. Then, (25) is further derived as
(30) For user 2, according to (16) and (19), we have
For user 3, according to (16) and (19), we have
According to (20), we can obtain the OPs of the three users in the selected pair group
Pr Ā ub
respectively. The proof is completed.
B. OUTAGE BEHAVIOR FROM RELAY TO BS
During the second time slot, we assume that all users are detected successively at the relay, then the recovered data relay re-modulates will experience same path to BS (i.e., h rb ij = h rb , i = 1, 2; j = 1, 2, 3.) So (12) can be further expressed as
and the users still pick the same pattern as the processing in the first time slot. Theorem 2: During the second time slot, at the BS, the OPs of three users can be expressed as
Proof: For user 1, according to (17) we have
After discussion under different conditions, we derive
Similarly, for user 2, according to (17) and (19), we have
For user 3, according to (17) and (19), we have
According to (20), we can obtain the outage probabilities of the three users in the pair group as follows:
The proof is completed.
C. OUTAGE BEHAVIOR AFTER SELECTION COMBINING
According to the description in the section II, when selection combining is used at BS, an outage event occurs if neither the direct transmission nor the relaying transmission succeeds. So we have
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According to (20), after selection combining the outage probability of the three users can be expressed as
(57) Then, the average OP of the three users can be expressed as
In order to make comparison between Co-PDMA and conventional Co-OMA, we assure that the same REs carry the same target rate. For PDMA, there are three users multiplexing on two REs, so that for each user occupying one RE in Co-OMA, its target date rate should satisfyr o = r 1 +r 2 +r 3 /2. The OP of the user in Co-OMA is given as [13] :
where φ o = 2r o − 1 is the target SINR for conventional Co-OMA. From the OP expressions of Co-PDMA and Co-OMA, we can see that the target SINR or TDR have a great impact on the OP performance: lower TDRr i , i = 0, 1, 2, 3, or lower target SINR φ i , i = 0, 1, 2, 3, brings superior OP performance according to (55), (56), (57) and (59).
Comparing (53), (54) and (59), we can see that the OP of Co-OMA has the similar expression with Pr (A 2 ) and Pr (A 3 ) since that the patterns of user 2 and user 3 are orthogonal. For user 1, its signal are repeated mapped onto two REs with pattern g 1 = 1 1 T , which can bring diversity gain to obtain superior OP performance. When SIC receiver is used, the OPs of user 2 and user 3 are derived as (56) and (57), in which the user 1 with lower OP (i.e., better OP performance) can further reduce the OPs of user 2 and user 3. So we come into the conclusion that the average OP of the three users in Co-PDMA system is superior to that of Co-OMA, which is verified by the following simulation.
IV. SUM DATA RATE
From the OP expressions derived earlier in this article, we can see that the OPs of the multiple users are directly proportional to their own targeted SINRs φ i , i = o, 1, 2, 3, respectively, and also directly proportional to the targeted data rater i because of φ i = 2r i − 1, then the achievable sum data rate for non-cooperative PDMA and Co-PDMA can be shown as
respectively. For the PDMA pattern matrix G [2, 3] PDMA , the data from three users are multiplied on two REs. In order to make fair comparison between Co-OMA and Co-PDMA transmission, the achievable sum data rate of Co-OMA on two REs is
wherer o is the TDR for the conventional Co-OMA. R r_sum is the sum data rate of Co-PDMA and higher than R d_sum , the sum data rate of non-cooperative PDMA, since that after relay decoding and forwarding, the OP performance will be further improved (P out 1 , P out , respectively) R r_sum is also higher than R o_sum since that the average OP of Co-PDMA is lower than that of Co-OMA and the TDR satisfies 2r o =r 1 +r 2 +r 3 .
V. NUMERICAL RESULTS
In this section, the performance evaluations of Co-PDMA, non-cooperative PDMA and Co-OMA in terms of OP and sum data rate are presented by using Monte Carlo simulation. Without loss of generality, we normalize the distance between all users and the BS to unity and let d be the normalized distance between all users and the relay. As a result, µ ub = 1 and µ ur = d −ι , where ι is the path loss exponent. In the following simulation, we further assume d = 0.5 and ι = 2 (Free-space model is used here) [14] . The effects of TDR are firstly investigated. The curves for the OP of Co-PDMA and Co-OMA with different TDRs are demonstrated in Fig. 3 . The exact analysis curves for the OP of the Co-PDMA and Co-OMA are plotted according to (58) and (59). Note that an excellent agreement between the exact analytical results and Monte Carlo simulations is observed. It is shown that lower target data rate can obtain better performance which validate the derived analytical results. The results in Fig. 3 can also be explained by an actual communication system since lower target SINR can be more easily achieved.
In Fig. 4 , the average OPs achieved by Co-OMA scheme, non-cooperative PDMA and Co-PDMA, are shown as a function of SNR. Both theoretical results and simulation results are presented. As shown in the figure, Co-PDMA outperforms the other two schemes and obtains 8 dB and 12 dB gains over non-cooperative PDMA and Co-OMA @ OP=0.1. Fig. 5 compares the achievable sum data rate among aforementioned three schemes. For the three users in PDMA, each user's TDR is 0.1. The TDR of every user in Co-OMA is equivalent to or 1.5 times more than that for users in Co-PDMA. The exact analysis curves for sum data rate of the three schemes are plotted according to (60), (61) and (62). Clearly Co-PDMA transmission outperforms the Co-OMA and non-cooperative PDMA. When the TDR of every Co-OMA user is 1.5 times more, Co-PDMA achieves a significant gain at lower SNR region (e.g., below 5 dB). When the TDR of Co-OMA equals Co-PDMA, Co-PDMA achieves almost 50% gain over Co-OMA at higher SNR region (e.g., above 8 dB) due to the diversity gain. The exact analysis curves are also match well with the Monto Carlo simulation curves. It should be noted that the performance improvement Co-PDMA brings is at the expense of system complexity increasement (multiple relay stations need to be set up) and spectral efficiency degradation (duplicate transmission is conducted).
VI. CONCLUSION
In this paper, we propose an uplink Co-PDMA scheme, in which PDMA is designed with half-duplex DF relay. The outage behaviors of the three paired users with PDMA pattern matrix G [2, 3] PDMA are analyzed and closed-form expressions of them are derived. In addition, the sum data rates of the three users in the system are also analyzed. Simulation results show that Co-PDMA can achieve 8 dB and 12 dB gain over noncooperative PDMA and Co-OMA @ OP=0.1 respectively and achieve higher sum rate than non-cooperative PDMA and Co-OMA. Under the assumption of same target data rate for each user, Co-PDMA achieves almost 50% sum data rate gain over Co-OMA at higher SNR region (e.g., above 8 dB). It should be point out that the proposed scheme and analytical method can be further extended to the scenarios for PDMA pattern matrices with higher overload (e.g., G [3, 6] PDMA with SOR 200% or G [4, 12] PDMA with SOR 300%), where higher sum data rate gain can be achieved. 
